26 2
2005 2

CHINESEJOURNAL OF SEMICONDUCTORS

Vol.26 No.2
Feb. ,2005

Unified Breakdown Modd of SOI RESURF Device with
Unifor m/ Sep/ Linear Doping Profile

Guo Yufeng, ZhangBo, Mao Ping, Li Zhaoji, and Liu Quanwang

(1C Design Center, University of Electronic Science & Technology, Chengdu 610054, China)

Abstract : A unified breakdown modd of SOI RESURF device with uniform ,ste ,or linear drift region doping profile is
firstly proposed. By the modd ,the dectric field distribution and breakdown voltage are researched in detail for the step
numbersfrom O to infinity. The critic dectric fied as the function of the geometry parameters and doping profile is de-
rived. For the thick film device Jlinear doping profile can be replaced by a Sngle or two steps doping profile in the drift re-
gion due to a consderable uniformly latera eectric fidd ,amost ideal breakdown voltage ,and smplified desgn and fabricar
tion. The availahility of the proposed modd is verified by the good accordance among the andytical results,numerica smu

lations ,and reported experiments.
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1 Introduction

SOI technology has been paid great attention due
to its high geed performance, latchup immunity ,
complete didectric ilation,and low power disipa
tionl. Many smulations and experiments have
shown that high breakdown voltage can be achieved
in SOI RESURF devices with a linear doping profile
in the drift region!® ®. For example, Merchant et
al."land Zhang et al.!®! have fabricated the 600
700V SOl LDMOS with linear graded doping usng
the fine line lithography and high temperature an-
neas. For overcoming such difficulty in practice,
Sunkavalli and Baliga'? have suggested that the linear
profile can be replaced by a sngle or two steps pro-
file.Luo et al.'® have do goplied the step doping
profilein RF device to bring about higher breakdown
voltage ,lower ornrresstance ,reduced parastic capaci-
tance ,as well asimproved drain current saturation be-
havior.

Article ID : 0253-4177(2005) 02-0243-07

The breakdown mode isoneof theimportant re-
search areas on SOI high voltage device. Li et al.[®]
has proposed a complicated model to predict the
breakdown voltage of double-drift region devices.
Merchant et al. ! and Zhang et al.!® have deve-
oped two different models to describe the breakdown
characterigticsof linear doping profile. However ,only
the corresponding pecia devices can be anadyzed by
those model's because of the limitation of the theoreti-
ca hypothess. In this work , we propose a unified
breakdown model of SOI RESURF device with uni-
form ,step ,or linear doping profile in drift region by
wlving the 2D Poison equation in different zones
with coupling boundary conditions. Based on the
model ,the impacts of geometric parameterson break-
down voltage and criticd eectric field are discussed
for the varied step number from O to infinity. The
first theoretica verification is developed that the Sn-
gle or two steps doping profile can subgtitute the lin
ear graded drift region for the device with thick SOI
layer because of good tradeoff between the perfor-

* Project supported by Nationd Naturd Science Foundation of China(No. 60276040)
Guo Yufeng mae,was born in 1974 ,PhD candidate. His current research interests focus on desgn and modeling of SOI power devices. Emall :

guoyufeng @sina. com

Received 31 July 2004 ,revised manuscript received 19 September 2004

c 2005 Chinese Ingtitute of Hectronics



244

26

mance and process. The modd is evaluated usng nu-
merical dmulations and reported experimenta results.

2 Unified mod€

Figure 1 shows a schematic cross section of the
SO RESURF device with step doping profile in drift
region ,and the sub-figure gives the distribution func
tion of doping concentration. tsand tox are the thick-

Fg.1 Shematic cross section of SOl RESURF device
with step doping profile in the drift region

ness of SOI and buried oxide layers,regectively.€
ande€ .4 are the permittivity of dlicon and slicon ox-
ide ,repectively. L qis the length of drift region. n is
the step number. The drift region is equaly divided
into n + 1 uniformly doped zones with the same
lengthA x. N; andA N are the doping concentration
of the first zone and the concentration difference for
the adjacent zones,regectivey. Then the function of
step doping profile can be given by
Ni = Ny +A N[ x/A x] = Ny + (i - DA N,
i=1,2, ,n+1 (D)
where [ ] isafunction to round the bracketed element
toward zero. For n =0 and n = o ,equation (1) is
smplified to N(x) = Nj; and N(x) =
xdN/dx = Nj + cx, where cisthe dopeof concen
tration. Hereby ,the uniform and linear doping profile
can be treated as the gecific casesof step doping pro-

N1 +

fileat n=0and n= o repectively.

When a high voltage Vqis biased on the cathode
while the anode and the substrate are grounded ,the
drift region is completly depleted and the potential
digtribution of SOI layer @ ( x, y) follows the 2D
Poison equation.

FOi(x,y)/ 0x* + FPi(x,y)/ 0y’ =- aNi/E,
,n+1 (2)

The boundary conditions can be obtai ned accord-
ing to the minimization of vertica eectric fidd at the
surface! " and the Gauss law at the interface between
SOI and buried oxide layers.

X [ xi-1,xi],i =1,2,

api(x,00/0y =0 (3
Ssapi(X,ts)/ay+€ox[(pi(X,ts)'VSB]/toxzo
(4)

where V g ,the voltage applied on the substrate ,is e
gua to zero for the grounded substrate. The two-order
Taylor expandon is employed to approxi mate the ver-
tical potential function!”! i.e.
@i(x,y) =@i(x,0) +yadpi(x,00/0x +
0.5y?070; (x,0)/ 0x? (5)
Substituting Eq. (5) into Eg. (2) and acoording
to Egs. (3) and (4) ,we can obtain the distribution of
surface eectric field as below :
aNit?| cosh[ (x - xi.1)/ t]

Ei(X,O) = Vi-

€s tdnh@ x/ t)
aN;t? | osh[(x - x)/ t]
€s  'UY  tdnh@ x/ 1)
i=1,2, ,n+1 (6)

wheret = (0.5 + C4 Co) Y?ts , Csand Cox are the
unit capacitances of the SOI and buried oxide layers,
regectively , Vi and V;. ; are the surface potentid gp-
plied at the boundaries of zone i ,and can be slved
based on the oontinuity of the surface eectric
fieldl !,

Vp+n, |:O
Vi = a;vi, 1 =1,2, ,n
i jZ ijVj
Vg- Viath, 1T = n+1
+1- DA L e
snh(Ld/ t) Snh@ x/ 1) R
& = Soh[(n+1 - A x/ t]dnh (A x/ t)
dnh(Lo t)Snh@ x/ t) 1
a@N; +AN) £ .
[ooshA_tx-l] ZN; VAR S
a@N; +A N) ¢
v =9 [osh®E - 1 ZN; ML i _23 -1
C+A 2 )
[ooshA_tX— 1]L—LZNE+S N Vi j=n
(7)
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where Vp*yand V,*, are the building-in potentia of
p*nand n*njunctions,
Equations (6) and (7) give the distributions of
the surface eectric field for the SOI device with n
step doping profile. For uniform and linear profiles,
they are Smplified to
E(x,00 = | Va- Va'n- “¢" ) T5nn(Lg 0 *

gN]tZJ cosh(x 1)
[gN]tZ J osh (Lg - x)/ t]
V'

tanh(Lgt)y " =0

_ ., ANt +d gt cosh(x/ 1)
E(x.0) ‘[Vd‘ Vi'n - €. tsnh(Lg ) ©

N, t? cosh[ (Lg- x)/t 2
S el AR
S

tanh(Ld/ t)

(9

Avaanche breakdown commences when the

ionization integral along the drift region gpproaches
one,i.e.

n+l

J';da E'(x,0dx= ZJ’ aE(x,0dx=1 (10)

-1
where 0 is the ionization constant. Substituting
Eg. (6) into (10) ,the breakdown voltage Vy, can be

A x
Ec = oosh(0. 50 x/ t)[O( (n+ 1)-[0 cosh’ (0. 50 x/ t)dx]

2lved.
Sunkavali et al. and Luo et al. have presented
that the eectric field peaks appear at the boundaries
of zonesi? ! and must be smultaneoudy equa to the
critic eectric fidd E; at breakdown for an optimal
structure!™! i e.
E(x;,0) = E., i=0,1, ,n+1 (11)
Substituting Eg. (6) into (11) ,the optima dop-
ing distribution and the maxima breakdown voltage
can be derived.
_ (2i - Ntanh(0. 50 x/ t)e SE¢
qt ’

i=1, ,n+1

(12)

Vp = 2(n + 1Dtanh(0. 50 x/ t) Ec.t  (13)

where the building-in potentiasof junctions,which is

much lower than the voltage applied on the device ,are

ignored to illustrate a more clearly physca image.

The critic eectric fidd E;isobtained by subgtituting
Egs. (6) ,(7) ,(12) ,and (13) into (10).

-u7

(n+1) " Y'0osh(0. 8\ x/ t) (2t) Y7

T [snh7(0.8) x/ t)/7 + 3s§nh®(0. 8 x/ t)/5 + snh>(0. 8 x/ t) + snh(0.5A x/ t) 1¥7

For linear doping profile,when n - o« , Egs. (12) ,
(13) ,and (14) are smplified to

€
N ( x) :th_Ecx

Vb = Elg (19)

E.= @Lg Y7

3 Resultsand discussion

Figure 2 shows the optima profiles of latera
electric fields of the uniform,dngle step ,two steps,
and linear doping near breakdown. The surface ana
Iytical electric fields show fair agreements with the
numerica dmulations usng the device smulator
MEDICI. Two sharp peaks in dectric field near the
anode and cathode regions and a large dip in the mid-
die of the drift region can be observed in SOI
RESURF device with uniform doping profile. Hence

(14)

the middle portion of the drift region supportsonly a
small fraction of the voltage and a lower breakdown
voltage is exhibited. For the step drift device ,howev-
e ,additiona eectric field peaks gppear at the both
ends of the divided zones. Consequently ,the dips in
the middle of the drift region become shalow with
the increase of the steps and more voltage can be sup-
ported in the step drift region at breakdown. When
the doping profile is linear ,an ided uniform latera
eectric field independent of the SOI layer thicknessis
distributed on the surface of SOI layer according to
the analyticad and numerica results. The maximum
breakdown voltage can be obtained for a given drift
region length. By comparison between Figs. 2(a) and
(b) ,a thin SOI layer leads to the increase of peaks
and the decrease of dipsof the éectricfieldin the sur-
face of drift region. Therefore, the improvement of
eectric field distribution is reduced for the thin film
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device usng the step drift profile.

(b) 4 W A @: Analytical results

L <& O A O: Numerical results

Single step Linear

Electric field/(10°V-cm™)
N

10 15 20 25 30
x/um

FHg.2 Profiles of optimd surface dectric fiedd near
breakdown for the different sgps number (a) ts=

Pm,tx=3m; () ts=3m,tex=3Im

Figure 2 d presents that the critic éectric
field, namely the eectric field peaks at breakdown,
varies with the step number and SOI layer thickness
at the fixed drift region length and buried oxide
thickness. Figure 3 shows more detailed analytica and
numerica results. The relationship between the critic
dectric field and drift region length for the 31 nrthick
Ol layer and 3 mrthick buried oxide layer is shown
in Fig.3(a) . With the increase of drift region length,
the critic eectric field increases for few stegp numbers
but decreases for many step numbers until a satura
tion value is reached. The critic eectric field for alin
ear doping profile in drift region approaches the low-
est limitation ,which is exactly accordant with the re-
sults by Merchant et al.!®. Figure 3(b) shows the
dependence of breakdown voltage on step number for

500
(b)
Breakdown limitation
400 g~
Z o ‘,9 e s
5 e85
5 3008 imt A Sy
; Oﬁp,m,-" £=0-1um
W AR
1 200 s ¢ Analytical results
§ : < Numerical results
m
1004
. —
0,
2 4 6 8 10
Step number

FHg. 3 Critic dectric field and breakdown voltage for
different steps numbers (a) Critic dectric fidd as a
function of drift region length; (b) Breakdown voltage
as afunction of steps number

varied SOI layer thickness. When the doping profileis
linear,i. e. n = o ,the breakdown voltage is maxi-
mum and independent of the SOI layer thickness ac-
cording to Eq. (15) . For afew steps,however ,depen-
dence of the dlicon film thicknesson breakdown volt-
age is evident. From the figure,a high breakdown
voltage needs 4 8 step numbers in drift region for
the device with 0.1 M mrthick SOl layer. Thisfact
presents that the linear graded doping can not be sub-
gituted by the step doping in ultrathin and thin film
devices due to the difficulties in practice. For a thick
film device when tsexceeds 31 m ,a sngleor two steps
can bring a drasticdly i mprovement of the breakdown
voltage and hence the step doping can replace the lin-
ear profile due to easly fabrication'?. Further in-
crease in the number of stepsin the drift region leads
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to only a reatively smal increase in the breakdown
voltage. The dngle step profile needs no additiona
masks compared to the linearly graded profile which
requires a perforated mask utilizing fine line lithogrer
phy and long-time high-temperature anneals'®’.

Figure 4 illustrates that impact of the doping
profile in drift region on breakdown voltage. Figure 4
(a) isthe numerical and analytical resultsof the rela
tionship between the concentration dop A N/A x and
breakdown voltage at afixed concentration of thefirst
region Nj.

¢ A® Analytical results

Numerical resultsgh g - [Wo sieps
150 Al
150 #
~ F ram
r 1

Concentration slope/10"em

i)
—— Analytical resulls (b)
Measured results
0 | =) ~ DA
Linear doping by Ref[5] AN -t
B4 )
o
£-] t=005pme =2um. L =30um "A /
= - - /
| s A2 /
= 400 F e AR /
= | >0 AT A /
2 ol S
=z = Linear doping by Ref[5]
e (=0 15ums =2pm. L =50wm
00 ; 4 Dl Fib ' )
Liniform doping by Ref [8]
J' =0 16pmy =0 dpm, L =1.2um
A

0 — i —

Doping density/10om?

Fg.4 Numerica ,experimenta ,and anaytica resultsof
the breakdown as a function of the concentration dqpe
(a) and the drift charge dendty (b)

The breakdown voltage increases with the increase of
the step number. Figure 4 (b) shows the dependence
of the breakdown voltage on the charge dendty in the

uniform and linear doping profiles with different drift
region lengths. The charge dendty in the drift region
was calculated by the integration of the doping con-
centration adong the drift region. The proposed model
is verified by a good agreement between the analytical
model and measured data reported in earlier
works'® 8! It is shown in Fig. 4 that the breakdown
voltage increases with the increase of the concentra
tion dop and charge dendty in the drift region up to a
maximum value,and then reduces with further in
creae of them,which is the typicd RESURF phe
nomenon of SOI high voltage device! ™.

Fgure 5 shows the dependence of the breakdown
voltage on the geometry parameters at the varied step
number and fixed charge dendty in drift region. In
order to achieve a better agreement between anaytical
and numerical results,theionization constanta can be
adjusted!™®!. The new value using in the analytical
model is4.0 x 10™ *°. Figure 5(a) shows the break-
down voltage of SOl RESURF devices scales up with
increasng drift region length until a saturation value
asociated with the vertica breakdown is reached. A
higher saturation breakdown voltage and a longer
critic drift region length can be observed for the step
and linear doping profilesin comparison with the uni-
form doping profile. Figures 5(b) and (c) demon-
srate the influence of SOl layer thickness tsand the
buried oxide layer thickness tox on the breakdown
voltage ,regpectively. The anaytica and numerica re-
sults present that the optimum vaue of them should
be adopted to maximize the breakdown voltage. The
variety of these geometry parameters can lead to a
movement of breakdown location from the cathode to
the anode due to the RESURF effect!**21 As shown
in these figures ,the step and linear doping in drift re-
gion bring thinner optimal thicknesses of SOI and
buried oxide layers and higher breakdown voltage.

4 Conclusion

A unified andytical modd for andyds of the
breakdown propertiesof RESURF SOI device with u-
niform ,step ,and linear doping profilein drift regionis
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Breakdown ve

Fig.5 Breakdown voltage as a function of drift region length (a) ,thicknessof SOl layer (b) ,and thickness of buried oxide

layer (c)

proposed in this paper. Based on the model and 2D
semiconductor device smulator MEDICI , the critic
dectric field and breakdown voltage as the function of
the device parametersis researched for the SOI device
when the step number varies from 0 to infinite. It is
proved theoreticaly for the first time that the sngle
or two stepsprofile resultsin much higher breakdown
voltage over the uniformly doped profile while provid-
ing amplification in dedgn and process ng when com-
pared to the linearly graded profile in the device with
athick SOl layer.
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